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Inhomogeneity of the land surface and the parameterization 
of surface fluxes - a discussion 
G. N. Panin, G.Tetzlaff, A.Raabe, H.-J.Schönfeldt, A.E.Nasonov 
Abstract 
Modem measurement methods ofthe surface turbulent fluxes (STF) of heat, moisture and 
momentum in the near surface atmospheric layer by the eddy correlation method and their 
calculation, relay on the validity of the similarity theory of Monin-Obukhov, which 
requests stationarity and horizontal homogeneity. Experimental data taken at specially 
selected sites allowed to develop this concept. 
Recently performed experiments, purposely conducted in non-ideal conditions showed an 
underestimation ofthe STF values. 
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T o systematise this effect it is suggested to parameterize such underestimation as the 
influence of inhomogeneity and nonstationarity of the landscape and the atmosphere 
around the point of observation. This scheme might prove to be useful for the design of 
new validation experiments in non-ideal terrain. 
Zusammenfassung 
Modeme Meßmethoden zur Erfassung der turbulenten Oberflächenflüsse für fühlbare und 
latente Wärme sowie Impuls mit Hilfe der Eddy-Korrelations-Methode basieren für die 
bodennahe Grenzschicht auf der Monin-Obukhov-Turbulenztheorie, die stationäre und 
horizontal homogene Verhältnisse voraussetzt. Über speziell ausgewählten Oberflächen 
wurde dieses Konzept häufig mit Erfolg überprüft. 
Experimente jedoch, die gezielt unter inhomogenen Verhältnissen durchgeführt werden, 
zeigen oft eine Unterschätzung der turbulenten Oberflächenflüsse. 
Es wird vorgeschlagen, diese Unterschätzungen als einen Einfluß inhomogener 
Umbegungsbedingungen und instationärer atmosphärischer Prozesse zu interpretieren und 
zu systematisieren. 
Dieses Schema kann dazu beitragen, eine neue Art von Validierungsexperimenten unter 
natürlichen Verhältnissen einer inhomogenen Umgebung zu entwerfen. 
1. Introduction 
1.1 The energy balance equation on a surface under homogeneity I stationarity 
There is an ongoing discussion on how to consider different types and scales of land 
surface inhomogeneities inside cells of models such as global climate models, as well as 
mesoscale models. Meanwhile several attempts were made to down- and upscale of energy 
and mass fluxes in the atmospheric boundary layer, based on the experimental 
parameterization ofthe interaction processes between the earth's surface and the air flow. 
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Field experiments were conducted in particular areas, in most cases visually satisfying 
conditions of surface homogeneity. Under these conditions it was possible to use the 
hypotheses of stationarity and horizontal homogeneity (SHH) of the air flow and, hence, 
to use 1-D models ofthe Monin-Obukhov type for the description ofthe atmosphere and 
land surface interaction processes. 
Suchexperiments like FIFE-87 and FIFE-89 (Kanemasu et al., 1992) visually fulfilled these 
conditions. Therefore to determine surface turbulent fluxes (STF) the lD-hypothesis was 
assumed to be valid and measurements were restricted to the vertical part of the turbulent 
exchange of heat and moisture. The equation of the energy balance on a surface was used 
in the form (Geiger, 1961; Garratt, 1992) 
R -2·E-H-G=O n (1) 
where R11 is the net radiation flux, G is the heat flux into ground, H is the sensible heat flux, 
}"·Eis the latent heat flux. 
Under natural conditions the land surface usually has inhomogeneities: roughness, 
temperature and humidity - and sometimes all simultaneously. 
Field experiments like KUREX and T AR TEX were performed under such inhomgeneous 
conditions. The basic approach to determine area integrated fluxes for KUREX (Tsvang 
et.al., 1991) and for TARTEX (Foken et.al.,1993) was only slightly different to the one 
used for FIFE. The aggregation of fluxes from an apparently inhomogeneous surface was 
gained by simply adding up fluxes as derived from point measurements fully relying on the 
validity of the Monin-Obukhov approach of the different individual partitions of the 
surface. 
Basically the approaches ofFIFE, KUREX and TARTEX, respectively, are identical, with 
no net effect originating from horizontal advection. This supposition fulfilled the energy-
mass exchange between the inhomogeneous, natural land surface and the atmosphere may 
correctly be obtained by adding up independent values of vertical surface fluxes above the 
homogeneous partitions inside ofthe total area (see Tsvang et al. (1991)). 
However, it was often shown that the measured values of the turbulent fluxes did not 
amount to the available energy as calculated on the described 1-D way. Such an observed 
gap of up to some 250W/m2 (s. Fig. 1 a,b; Panin, Nasonov, 1995; Laubach, 1996) in the 
energy balance is named herein the following as imbalance ofthe energy equation. 
1.2. The energy balance equation including a statistical error 8 
Starting point is the equation of energy balance of a massless surface in the form: 
R -2·E-H-G=0±8 
11 
(2) 
In principle these fluxes should add up to zero exactly, however, in experimental data a 
statistical error 8 has tobe allowed. 
The surface turbulent fluxes STF= A.E + H observed in nature can be calculated under 
SHH conditions by use of the eddy correlation method. That means to determine the 
:E06 
deviations ofthe vertical velocity w', temperature T' and specific humidity q' from the 
average values w, T, q : 
HsHH = p·c ·w'I' 
p ' 
A·ESHH = A· p·w'q' (3) 
where p is the density of the air and c P is the specific heat. 
Every part of the energy balance equation 1 is connected with an usual sampling error -
summarised in ±8 of equation 2. 
Turbulence is physically described as distribution of eddies with various sizes (spectrum of 
the turbulent process). Under conditions of stationarity and horizontal homogeneity the 
energy/mass exchange takes place between the small Kolmogorov scale, /0 (molecular 
friction stops the turbulence of small scales or high frequencies), and the scale of the large 
eddies, L0 ( or low frequencies) extending over the whole boundary layer. 
This scale L0 characterises the maximum size of the boundary layer eddies, participating 
in the vertical turbulent exchange of momentum, heat and moisture. 
Structure analysis of the turbulent fluxes in stationary and horizontally homogeneous 
conditions ( SHH) weil yield estimates of L0 with L0 ~ 250 · z, if z is restricted to heights 
well below the top of the constant flux layer (Panin, 1985, 1990). In these SHH condition 
co-spectra of momentum, heat and moisture fluxes are "closed" at the high frequency edge 
as well as at the Iow frequency one (Fig. 2, Fig. 3, s. Kaimal et. al. ,1972). 
The magnitude of the Kolmogorov-scale 
(4) 
can be estimated to some 10-3 m, where v is the viscosity of air and & is the viscous 
dissipation rate of turbulent kinetic energy. 
Analysis of field experiments like FIFE (Field et al. 1992, Fritschen et al. 1992) or 
KUREX and TARTEX (Foken et.al., 1994) showed, that the statistical error ö is often to 
small to close the observed gap in the sum of the four fluxes. Moreover, the gap is of a 
non-statistical nature. Almost independently on the type of field experiment (i.e. Laubach, 
1996), the sign of the gap shows too small turbulent fluxes. 
1.3. The energy balance equation including a systematic error ö 
This gap indicates the existence of a systematic error ö besides the statistical error ö . In 
order to account for this systematic error equation 2 is rewritten in the form 
Rn -AESHH -HSHH -G = Ö±Ö (5) 
with ö denotes the imbalance. 
207 
Some possible reasons of systematic deficiencies can easily be detected in the equations of 
hydrodynamics because of the neglect of physical effects and some technical difficulties. 
Some parameters cannot contribute to a systematic error: Rn has a statistical error only, 
the error of G is small anyway. 
One physical effect which was discussed in connection with the imbalance L1 is the so 
called Webb-effect ( w :;t: 0 ). 
In processes confined to a layer close to the surface the average vertical velocity w usually 
is neglected. However E. Webb (1982) showed, that this neglection may not be justified in 
all conditions, because not w =O but p · w = 0 is the correct assumption. Consequently the 
vertical fluxes change up to some percent (Bernhardt and Piazena , 1988). 
Technical difficulties are connected with the spectral distribution of energy exchange and 
the registration of the range ofhigh frequency part of the turbulence spectra. 
To measure turbulent fluctuations of velocity, temperature, humidity and other gaseous 
compounds of the air, devices are used which extend over a distance of /min ~ 0.1- 0.5m . 
This means that these devices are not set up in one point. As a consequence a gap appears 
between the Kolmogorov scale ( /0 ::::= 10-3 m) and the spacing of the flux sensors Imin . 
Thus the sensors neglect some parts of the spectrum (Fig.2, part 2). 
Such instrument spacing could become quite a source of surface fluxes underestimation 
because of the decrease of correlation between the high frequency fluctuations (G. Panin 
1985; J.Rißmann, G.Tetzlaff ,1994). 
F or further discussion it is to postulate that neither the Webb-effect, nor the effect of the 
sensor extension, or the sum of both can explain the observed values of the total 
systematic imbalance L1 . 
1.4 The energy balance equation under inhomogeneity / nonstationarity conditions 
The purely vertical heat and moisture transfer description is valid only for the case of 
horizontal homogeneity (SHH). The basis for the physical description of the vertical 
turbulent exchange for the homogeneous condition is the similarity theory of Monin-
Obukhov, containing the following assumptions (s. A. Monin, A. Yaglom, 1991): 
- the vertical fluxes do not have a horizontal complement, 
- the spatial properties do not impose vertical variability on the vertical fluxes. 
The fluxes under SHH conditions STFsHH = HsHH + A. · EsHH (eq. 3) represent only the 
vertical component of the complete fluxes. The gradient of the other components 
(horizontal x,y) 
Hx = p·cP ·u'T, Hy = p·Cp ·v'T, 
or 
A.·Ex =A·p·u'q', A.·Er =A·p·v'q', 
(6) 
must not be zero under conditions of inhomogeneity and nonstationarity ( u', v' - deviation 
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ofthe horizontal component ofthe wind vector). 
That means that the use ofthe uncompleted equations produces a systematic error. 
For simplicity in stationary and horizontal homogeneity (SHH) the turbulent fluxes are 
represented by STFsHH including the whole fluxes comprising the high frequency 
contributions escaping measurements. 
Then the imbalance A includes all the other components of the fluxes which are contained 
in the complete equations to describe the turbulent transport of heat and moisture but 
neglected under SHH. The amount of the Webb-effect is also included in b... This part of 
the imbalance b.. in consequence cannot be described with the assumptions of the 1-D 
models. 
The equation ofthe energy balance at a surface (eq. 5) is now rewritten in the form 
R - STFSHH - G = /),. + 8 
n - (7) 
As discussed before, the energy - mass exchange in inhomogeneous conditions confers the 
whole range between the Kolmogorov-scale 10 and the contributions produced by 
nonstationarity L00 . The numerical value of L00 exceeds the one of the scaling feature L0 
resulting from Monin-Obukhov-theory (Panin, 1985). Thus the integral over the co-spectra 
of the measured fluxes underestimates the real value of the fluxes due to the effect of these 
lacking contributions. 
The magnitude of this underestimation of fluxes in field experiments shouid depend on the 
type of inhomogeneities and their size, the observational period and the filtering technique. 
According to the described scheme the surface turbulent fluxes STF in natural conditions 
may be presented in form of a sum of three parts of the co-spectra (s. Fig. 2). The co-
spectral area 1 for SHH conditions as measured, can be determined by the turbulent 
measurement equipment in the range from /min to L0 . The co-spectral area (2) between 
the scales /min and /0 is related to the deficiencies of the available equipment and produces 
an imbalance (see point 1.3, Fig. 2). This error may be reduced using improved equipment 
with smaller geometric dimensions or can be corrected theoretically (Moore, 1986). The 
areas (1) and (2) represent the fluxes STFsHH (eq. 3) of the SHH conditions (scales from 
10 to L0 ). The area (3) of Fig.2 is the low frequency part of the co-spectrum ( STFLF) 
which cannot be determined because the measurements record only the scale range from 
/ 0 to L0 - the result is an imbalance A = STFLF . 
As shown on Fig. 3 in measurements taken in real terrain the values of the covariance do 
not approach the zero line, what they should do in SHH-conditions. The energy found in 
this part of the spectrum originates from the interaction of the air flow with the surface 
inhomogeneities at scales L00 2 L0 . This co-spectrum area (3) in Fig. 3 may vary 
considerably according to the type of underlying surface, increasing parallel to the degree 
of inhomogeneity. 
Thus, turbulent fluxes measured by the eddy correlation method or by the use of 1-D 
models of the Monin-Obukhov type cannot produce the füll amount of vertical energy 
fluxes and show as a result an energy imbalance for the inhomogen surface. 
This imbalance A as measured or caused by a systematic error due to conceptual 
deficiencies should be greater than zero in all conditions ( A 2 0 ). 
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2. Analysis of experimental data and discussion 
As an example to demonstrate the effects of the imbalances the data of three land surface 
experiments are more closely investigated. 
These experiments are PIFE-89 (Kanemasu et al., 1992; Desjardins et al., l 992a, l 992b; 
Field et al.,1992; Pritschen et.a.,1992), KUREX-91 (Panin, Nasonov, 1995) and 
TARTEX-90 (Poken et al.,1993). 
The daytime variability of the components of the heat balance ( eq. 5) including A are 
shown in Pig. 1. Pig. 4 represents the dependence of the STP as taken from uncorrected 
measurements as a function of the available net radiation. Every point is an average over 
half an hour. 
The STP as measured is proportional to the net radiation R11 and is systematically different 
for all discussed experiments. Thus, also the imbalance A must be different . 
The imbalance exhibited a relation to the wind speed as represented in Pig.5a,b but also to 
the difference between observed infrared surface temperature and air temperature (Pig.5c). 
The experimental data (Pig. 5a,b) evidence the relation of the imbalance with the wind 
speed. The imbalance at the surface increases with the increasing instability (Fig. 5c ). 
As discussed before the surface turbulent fluxes STF in natural conditions are represented 
as a sum of fluxes for horizontal homogeneity STFsHH and a flux in the low frequency 
range STFLF which cannot be measured by a general accepted standard-method. 
Standard measurement methods which allow to record the part of STFsHH and the 
STFLF -part can be parametrized as an additional part of the SHH-fluxes, which are 
compensated for the lacking energy as summarised in A . 
(8) 
where F5 is a correction function, k = 1 + Fs and F, > 0. 
This factor k comprises all parts of the low frequency range of the co-spectrum as an 
expression of inhomogeneity and nonstationarity (INH). Thus ( eq. 7) is transformed to 
R
11 
- G - STFHH · k(INH) = 0 ± O, (9) 
with STFHH as measured in one point by standard methods (eddy correlation or based on 
the Monin-Obukhov-theory) in the range typically for SHH ( /0 to L0 ). To quantify this 
factor k(INH) it can be used empirical data. 
The analyse of the experiments PIFE-89, KUREX-91, TARTEX-90 show an averaged 
correction factor k of 1.1; 1.3 and 1.5 (Pig. 4). 
3. Conclusion 
Field experiments show large imbalances as measured in the energy budget 
Ll = 100-250 W / m2 (Fig. 1). 
Investigation of the experimental and statistical methods shows a remaining systematic 
gap. 
The main reason of this imbalance is not the experimental methodology but conceptual 
deficiencies. It is related to the fact that the energy/mass exchange between the complex 
(horizontally inhomogeneous) land surface and the atmosphere is determined by applying 
theories that are based on the hypothesis of stationarity and horizontal homogeneity 
(SHH). 
Then is must be possible to connect the observed amount of imbalance with the degree of 
heterogeneity of the landscape around the energy balance station. 
As a result of surface inhomogeneities (roughness, radiation, thermal, humidity and etc.) 
intemal boundary layers do modify the air flow. The point observation (instrument) 
interprets this influences as long waves. These long frequency fluctuations become 
effective as process nonstationarity. For calculation of this effect it can be used some 
coefficient k(INH) (eq. 9). 
These coefficients can be interpreted as a measure of inhomogeneity. 
Experimental validation requires a new experimental design. This should ensure the use of 
similar measuring ( with the fixed beginning and ending of the measurement series) as well 
as directional changes of less then 5° within the observation period. This will allow to 
obtain comparable STFsHH results at different sites of the investigated area and to achieve 
the required correction of the STF 8HH values. 
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Fig. 1. Examples of diurnal variation of the latent heat flux ( A · E ), sensible heat flux 
( H ), soil heat flux ( G ), net radiation (Rn) and the imbalance b. 
a) T ARTEX-90 - (Foken et.al., 1993), 
b) KUREX-91 - (Panin, Nasonov, 1995). 
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Fig. 2. Scheme of the co-spectrum structure of the surface turbulent flux (STF) under 
conditions of inhomogeneity and nonstationarity . 
(1) part ofthe co-spectrum which can be measured, corresponding to the SHH 
conditions, 
(2) part of the co-spectrum related to the instrumental errors (included also under 
SHH), 
(3) part of the co-spectrum connected with the influence of the inhomogeneous 
underlying surface on the air flow structure ( /0 -Kolmogorov scale, /min -minimal 
scale of the STF instrumental measurements, L0 -Panin scale ( L0 = 250z ), L00 -
conventional scale related to inhomogeneities of the underlying surface). 
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Fig. 3. Examples of the heat ( o) and moisture ( •) fluxes co-spectra of closed (2) and 
unclosed (1) series according to the measurement data of the surface turbulent 
fluxes in FIFE-89 (site 926) by instruments of Panin and Nasonov (see Kanemasu 
et al., 1992). 
214 
H+ A,·E 
(w/111 2 ) 
600+-~~--+~~~-t-~~~;f--~~--j-~~~-1 
FIFE 
o FIFE-89 
• KUREX-91 
X TARTEX-90 
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(a) KUREX, 
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on the temperature differences of the soil surfaces and the air, according to the 
data ofFIFE-89. 
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